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THERMOELECTRIC MATERIALS WITH THE SKUTTERUDITE STRUCTURE: NEW RESULTS

Jean-Pkmt Fleurial, Thierry Caillat  and Alex Borshchcvsky

Jet Propulsion Laboratory/California institute of Technology
4800, Oak Grove Drive, MS 277-212, Pasadena, CA 91 109,USA

Skutkxudite  semiconductors possess attractive transport properties and have a good potential for
achieving high ZT values. A large number of isostructural  compounds, solid solutions and related
phases arc investigated. These skuttcruditc compositions offer many possibilities for substantially
reducing the lattice thermal conductivity and for optimizing the electrical properties to a specific
temperature range of thermoelectric applications. An overview of recent results is provided and
current approaches to ex~crimentally  achieving high ZT in skutterudite materials are discussed.

Introduction

A systematic search for new thermoelectric materials was started
at JPL several years ago. A family of compounds with the
skuttcrudhc  crystal structure was identified as a good candidate
for high pcrfom~ancc  conversion cfliciency  [1]. In skutterudites,
the bonding is predominantly covalent [2], which accounts for
the high carrier rnobilitics  experimentally obtained on several
compounds such as COAS3 13], CoSbJ 14, 51, lrSbJ  [61, Rhsb
[5,7], RhAs3 [3] and RhP3 [8]. Also, the relatively large unit cell
indicates that a low lattice thermal conductivity might be
achieved. The skutteruditc  structure, illustrated in Figure 1, was
originally attributed to a mineral from Skuttcrud (Norway) with
a general formula (Fe, CO, Ni) Ass [9].

Figure 1: The skut(crudi[e  unit CCII  of formula TPn3 (’f =-
transition metal, Pn = pnicogcn).

The unit CC1l of the skuttcruditc  contains square radicals lAsq] ‘“.
This anion locaicd in the center of the smaller cube is
surrounded by 8 Cos 1 cations. The unit CCII was found to consist
of 8 smaller cubes (octants) described above but two of them do
not have tllc anions lAsdl ‘“ in the ccntcr.  This is ncccssary to
keep the ratio Cos’:  [Asq] ‘“ = 4:3. Thus, a typical coordination

structure results with Co&l As4]6 ‘2(h~[As&  composition and 32
atoms per cell with 8 AB3 groups.

For the state of the art thermoelectric materials such as PbTc and
BizTc3  alloys, the number of isostructural  compounds is limited
and the possibilities to optimize their properties for maximum
performance in different temperature ranges of operation are
also ~ery limited. This is not the case for skutterudites  which
show a variety of decomposition temperatures, band gaps and
compositions which offers the possibility to optimize
composition and doping level for a specific temperature range.
Skuttcrudite  compounds, solid solutions and related phases are
briefly reviewed in the following sections.

IZxistence  and composition of skutterudites

Bina~ y compounds. llinary  skuttcrudi(c  compounds arc formed
with iill nine possible combinations of the clcmcnls  Co, Rh, h’
with P, As, Sb. in this structure each metal atom has six bonds to
a pnicogcn and each of three pnicogcns  has two bonds to ano(hcr
pnicogcn. Thus. each bond has two electrons which is consistent
with the fact that they arc diamagnetic semiconductors 110].

Table 1. Lat[icc  parameter a, decomposition tcmpcraturc  T,,,,
band gap 13g, Hall mobility p], and thermal conductivity k of
binary skuttcruditc  compounds
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Known values for the lattice parameter, pcritcctic
decomposition tcmpcraturc  and band gap of these nine binary
compounds  a rc  rcporlcd  in Tab]c 1. Decomposition
tcmpcraturcs  for COP3,  RhP3, RhAs3,  IrP3 and IrAs3 arc only
lower limit cslimatcs.  Wc have calculated the band gap vahrcs of



IrSb3,  RhSb3, CoSb3,  RhAs3, COAS3,  and COP3 f r o m  h i g h
temperature Hall effect  measurements. The p-type RhAs3
sample was still  not fully intrinsic at the highest temperature of
measurement, thus the value of 0.85 should only be considered a
lower limit.  Less heavily doped samples must be obtained to
accurately determine the band gap of RhAs3. The value
obtained for COP3 is only preliminary because the sample used
for measurement contained COP2 inclusions. The only other
binary skutteruditcs  known are NiP3 and PdP3 which have one
more electron valence pcr formula unit and consequently show
metallic conduction [13]. For the arsenides  and antimonides,  the
band gap increases in scqucncc from the Co- to the Ir-based
compounds as well as from the ant imonidcs  to the arsenidcs.

Tcrnarv compositions. Skultcruditc  related phases can bc
formed by substitution by neighboring atoms for the anion or the
cation in binary skul(croditc compounds, the condition being
that the valcncc-elect ron count remains constant, This is similar
to the dian~ond-like family of semiconductors. The substitution
can occur on tbc anion site (COAS3  ~ COGC1 ,$c1 .5) or on the
cation site  (CoSb.1 ~ Fcc~.~Ni0.$b3). Structurally related
skul(crudilc  phases can also bc formed by partial substitution of
the cation and the anion (RhSb3 S RuSbzTc).

Table 2: Skul[crudil  c rclalcd  phases

Solid solutions The only solid solutions between binary——-------
skutteruditc  compounds reported in the literature show that COP3
and (oAs3 form a complete range of solid solutions which obey
the Vegard’s  rule and that the system CoAs&bX has a
miscibility gap in the region of x = 0.4 to 2.8 [20]. Work at JPL
on CoSb3-lrSb3  compositions also demonstrated that a partial
range of solid solutions exisls  in this system [21]. Our more
receal  experimental results, summarized in Table 3, have shown
that there is an extensive number of skuttcruditc  compounds and
related phases form solid solutions, at least  in some limited
range of cornposit  ion.

Table 3. Existence of skultcrudile  solid solutions

Solid Pariial  Range of Full Range of
Solutions Compositions Compositions
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~illcd skuttcrudiics.  A large number of these materials have
already been symlhcsizcd  (SCC for example 122-25]).  The
composition of these lypcs of compounds can bc rcprcscntcd  by
the formula Lnl’dPnlz  (In  = rare earth, Th; T = Fc, Ru, 0s; Pn =
P, As, Sb). in these compounds, the empty oclants of the
skuticruditc  slnrcturc  ( scc Figure 1 ) which arc formed in the
Tt%3 (-TdPJll  ~) franlcwork are filled with a rare earth c]cmcnt.
Bccallsc the TdPnl ~ groups using Fc, Ru or 0s arc clcctron  -
dcficicnl  relative (by 4 c-) to the skullcruditc  electronic stnrcturc
(usinl’, Co, Rh or lr), lhc introduction of tbc rare earth atom
compensates this deficiency by adding free electrons. However,
the number of valence clcclrons given up by the rare earth atoms
is gcticrally  insufticicnt:  for example, La has a 3+ oxidation
slate, Cc can bc 3-1 or 4+. This means that most  of these
compounds bcbavc :is metals, or very heavily doped p-t.ypc
semi-mclals. However, it has been shown that some of thcm
such as UFcqP1 ~ and CcFdPl ~ arc semiconductors [22]. ‘1’hc
addition of a ncw ion(s) in the voids could bc an cfficicnt
phonon scattering cclltcr  and could result in substantially lower
lat[icc  thermal conductivity values, The properties of such
skuttcruditc  compounds rcmaia to bc fully  characterized

Thermoelectric properties of skutterudites

Skuttcruditc compounds have exceptionally high hole mobilitics,
substantially bighcr than state-of-the-ari semiconductors for a
given carrier concentration. Wc have measured a Hall mobility
value C1OSC to 8000 cm7.V”’  s-l on a p-type RhSb3 single crystal
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RuSb~Tc* 9.268* 810* 1 .20*

PtSnl  ,2Sb1 ,8 9.390 -
‘ ~ a[19]

* JPL findings

Nine tcrnar-y  skultcrudilc  related phases have been reported in
literature 114-1 9], Based on X-ray diffraction analyses, clcvcn
ncw compositions were discovered at JPL. A number of
isosh-uctural  qualcrnary and more complex compositions have
also been identified. Values for the latlicc  parameter a,
decomposition tcmpcraturc T,,, and band gap ER arc reported in
Table 2,
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“with a Hall carrier concentration of about 3.5x1O’8 cm-3
. This is

: the highcsl p-type mobility ever measured at this doping ICVC1.
All p-type skutterudites  (binary and ternary compounds)
investigated so far have high hole nobilities which make them
very promising materials for thermoelectric applications.
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Fig. 2: Elcch_ical rcsistivity’  as a function of (cmpcraturc for
several n-type and p-type skuttcruditc compounds.

N-type samples have been oblaincd for CoSb3 and IrSb3 by
doping wilh c]cmcnls such as Ni, Pd, PI and Tc [26, 27]. The

/Hall mobility of n-lypc samples was foun 10 bc much lower

;
than for p-lypc materials, rcsulling in high clcclrical  rcsistivity
values. However, the large clcciron cff clivc  mass translated

(into high Sccbcck cocfficicnt,  up to )00 t(V.K”l  for n-type
samples compared to only  up to 200 pV.K”] for p-type samples.
As a conscqucncc,  optimum doping ICVCIS for n-type binary
compounds arc rougldy  onc order of magniludc higher than for
p-type skutlcruditcs.
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Fig, 3: Sccbcck  cocfticicnl  as a func(ion  of tcmpcraturc  for
several n-type and p-type skut[cruditc  compounds.

The cxpcrimcnlal  Icmpcralurc  variations of the clcclrical
rcsis[ivity  and the Sccbcck coefficient of some binary
skuttcruditcs  arc shown in Figures 2 and 3, respcclivcly.
Minority carrier concentration cffcc(s  (high mobility holes) arc
myxmsiblc  for ihc change in Sccbcck cocfllcicnl  from positive

to negative at high temperatures for n-type CoSbs and JrSb~
samples (Figrlrc 3). Bccausc  of a smaller band gap, this
compensation occurs at lower temperatures in CoSbq. The
contribution from the minority carriers is much more limited in
n-type CoSb3-based  compositions prepared with high doping
levels. This results in the Sccbcck coefficient remaining n-type
throup,hout  the whole tcmpcraturc range and a s[rong dccrcasc in
the electrical rcsistivity.

Almost no int’ormation  about the thermal and electrical
propcr(ics of ternary skutlcruditc  related phases is available in
the lilcraturc.  Sonic results obtained at JPL on four ternary
phases, FcSbjTc,  RuSbz’t’c,  Fc0.~Ni0.,Sb3 and RuO.~PdO.sSbS  arc
rcporlcd in Figures 2 and 3. Fc0,sNi0,$Sb3  and FcSb2Tc arc two
ternary phases derived from CoSb3,  and the calculated band gap
values, 0.16 and 0.27 CV rcspcctivcly,  arc much smaller than the
0.63 CV value for CoSb3, Similar results arc obtained for
Ru0,#do5Sb3 (0.6 cV), which is derived from RhSb~ (0.8 cV).
The lower band gap values arc consistent with the lower
dccon tpositioll  tcmpcraturcs. This is not the case of RuSb2Tc
howcycr, which has a band gap of 1.20 cV.

The electrical propcrlics  of the ternary skultcruditcs  also vary
substantially from the results obtained on the binary compounds.
1( ranscs from very heavily doped (Ru0,$Pd0,fSb3)  to more lightly
doped (RuSbzTc), and from extrinsic p-type behavior (FcSb2Tc)
to mi xcd conduction n-lypc behavior (FcO.SNiO,SSbJ. These
findings indicate that significant changes in band slructurc  and
doping behavior were brought by changes in the atomic and
clccttonic  structure. in particular, fluctuations in the valcncc  of
the trimsition  metal atoms could bc imposed by the need to
conscwc  the skullcruditc  crystal strucmrc.  Understanding and
controlling these changes is a kcy s(cp in designing a
skut(cruditc  composition with  superior thcrmoclcctric  properties,

Thcnl [al conductivity
The thermal conductivity of p-type CoSb~, RhSbj and lrSb.,
samples was measured from 10 to WOK [4, 26-27]. The results
plot(ccl in Figure 4 arc compared to typical vahrcs  obtained for
state of the art thcrnmclcclric  alloys. ROOIn lcmpcraturc  values
of’ these three compcmnds  range from 110 to 130 n~W.cnl-]  .K- 1
depending on the carrier concentration level. These values arc
quite reasonable considering the rclalivcly  high decomposition
tcmpcraturc  and bandgap of skuttcnrditcs  (S C C  Table  1 ) .
Additional mcasurcmcnts  conducted on p-type COAS3 and RhAs3
[3] indicated that the room tcmpcrahrrc thermal conductivity
vahrcs incrcasc  slightly from antimonidcs  to arscnidcs, and also
from Co-based compounds 10 lr-based compounds. The
Wicdcl~lal~ll-Fral~z.  law can bc used to calculate the lattice
thermal conductivity of p-type CoSb3, RhSb3 and IrSb3 samples
For a carrier conccn[rat  ion of a 1x10] 9 cni~, calculations show)
that about  90% of the total thcnnal  conductivity is duc to the
lalt ice contribution. ‘1’bough wc have not yet measured heavily
doped n-type samples, the thermal conductivity of binary
skuttcruditcs  appears 10 bc too high to result in high ZT values.
Experimental and theoretical rc.suits on p-type lrSb3 showed that
a maximum ZT value of 0.4 can bc obtained at 9WK 128].
Rcduclions  in the Ial (ice thermal conductivity musl bc obtained
to achicvc values comparable to those of state of the art
thcrmoclcctric  mat trials (1 0-40 n]W .cnilK”l  ).

S o l i d  sohltions  POSSCSS a much  lower  latlicc  thcnnal
conductivity duc to atomic mass and volume fluctuations.
However, a higher  phonon scat(cring  rate always has some



.

**

negative impact on the carrier mobility, but because the drop in
thermal conductivity is usually larger than the degradation of the
electrical properties, ZT values are overall substantially
improved. This process has been used for all the state  of the art
thermoelectric materials, and is of interesl  for skutteruditc
compounds. I’hcrmal  conductivity mcasurcmcnts  of several
CoSb3-lrSb3  alloyed samples showed that the thermal
conductivity dropped to about 30-35 nlW.cm-l  .K-* at room
tcmpcnrturc,  a value 3 to 4 times smaller than for the individual
compounds 121 ]. These rcsulls  arc also reported in Figure 4

IEW

11-- , .  . . , .
‘x

. . . . .., ..., . . . . .
‘Ev
~= lEa -~. .:.,_- 1=’-s=4k~4L=l :1::.

2
If- ~

., ...,. . . . . . . . . . . . -+- -+-
1 1 ..1.1..1 1.
I I I I I 1

0 IC02003X! omem7co Kkl&m
Fig. 4: Thcnnal  conductivity as a funclion of tcmpcraturc  for

several n-type and p-type skutlcruditc  compounds, solid
solutions and rclalcd  phases.

As WCII as for solid solu(ions,  the latlicc  thermal conductivity of
ternary skuttcruditc  phases was cxpcclcd to bc lower than for
binary compounds, Our first results on six such tcmary phases
(five of thcm arc ncw compositions) confirmed these
predictions. JPL cxpcrimcntal  data on four ternary phases,
FcSb2Tc, RuSb2Tc, Fc0,5Nio~Sb3 and Ru0,fPd(,.fSb3  arc plotlcd in
Figure 4. The thermal conductivity is greatly rcduccd in these
materials, with room lcmpcra(urc  values ranging from 7 to 30
nlW.cn]-lK-l. The low thcr-nlal  conductivity values of these
compounds, while very encouraging, arc ncvcrthcless  a bit
surprising considering that the alomic  mass and volume
diffcrcuccs  introduced by the subsli[uting  anion/cation arc fairly
small. This indicates that additional mechanisms must bc
involved such as clcclron cxchangc scat[cring of phonons 129].
of particular intcrcsl  is the glassy bcha\7ior of Rue,.SPdO.sSbs
where the thcrnlal conductivity dccrcascs  with decreasing
tcmpcralurcs.  At room tcmpcralurc,  the thermal conductivity
vahic is 7 mW. cm- 1.K-l, about 15 times lower than for RhSb3
(or lrSb3).  This is also lower than the values obtained for the
state of the art thcrmoclcctric  materials, The lattice contribution
was cslin~atcd  at 2.5-3.0 n~W .cm-  ] .K-’ , which is an exlrcmcly
low value, }Iowcvcr,  this unop[imixcd  material is still  too
heavily doped and the carrier conccnlmtion must bc rcduccd to
achicvc  larger Sccbcck coefficient values.

Moreover, the possibility of forming solid solutions bctwccn
these ternary compounds and the high mobility binav
compounds (as dcscribcd in Table 3) offers an cxccllcnt
opportunity of finding a very low thermal conductivity maicrial
with good electrical propcr[ics. These results dcmonsh-atc  the
grc,?t potcnti.d  of’ ,skuttcroditcs  for high Z7’ values as very high

nobilities, large Sccbcck coefficients and very low lattice
them~al conductivities  can be obtained with materials of the
same crystal slructurc.

Conclusion

A nctv family of plomising  thcrmoclcctric  materials with the
skut(cruditc  crystal slructurc  has been prcscnlcd, A number of
binar} compounds, solid solutions and ternary rclalcd phases
have been briefly rcvicwcd, ]nitial  rcsulls  obtained on some of
t h e i r  rcprcscntativcs  dcmonstralcd  the great  potcnlitrl of
skuttcruditcs  for high 7,’1’ values, Both p-type and n-type
matct ials appear promising, though in a different range of carrier
concentrations. If the good electrical properties of the binary
skutlwuditc  compounds can be somcwhal preserved, there arc
several approaches for large reductions in thermal conductivity
that could lead to 7,1’ values substantially larger than 1.
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